Low-amperage stimulation (≤ 5 mA) of the pharyngeal mucosa is able to elicit swallows. Stimulation efficiency is reduced by half during sleep when compared to wakefulness.
and arousal. The diagnosis of OSA requires the combined assessment of the relevant clinical features and polysomnography (PSG) that simultaneously monitors respiration and sleep.
Swallowing is a complex physiological process that passes through an oral, pharyngeal, and esophageal phase. From the clinical point of view, swallowing is voluntary (VS) when it occurs during eating and drinking in an awake and aware state. In contrast, spontaneous swallow (SS) occurs without awareness in the waking state and during sleep as a result of accumulated saliva and/or food remnants in the mouth (Ertekin, 2011) . In VS, there is a harmonized and orderly activation of the perioral, lingual, and submental striated muscles in the oral phase, while in SS, the oral phase is bypassed in most cases, although there may be partial excitation. Following the oral phase, both VS and SS have a pharyngeal phase that protects the upper airway by preventing the pulmonary aspiration of food particles (Ertekin, 2011; Jean, 2001) , followed by the esophageal phase, where the peristaltic movement occurs.
Swallowing can be artificially evoked in humans by solid or liquid bolus (Jobin et al., 2007; Okuno et al., 2016) , chemical stimulation (Dantas et al., 1990; Yahagi et al., 2008) , thermal tactile oral stimulation (Teismann et al., 2009) , air-pulses (Theurer et al., 2005) , or electrical stimulation of the pharyngeal mucosa, which is innervated by the internal superior laryngeal nerve (iSLN) (Hamdy et al., 1998; Takatsuji et al., 2012; Tsukano et al., 2012) . Direct stimulation of the iSLN was mainly performed in animal studies in which swallowing reflexes were easily induced (Beyak et al., 1997; Doty, 1951; Kitagawa et al., 2009; Sang and Goyal, 2001; Takagi et al., 2002; Tsuji et al., 2015) and in some human studies in which thyroarytenoid muscle responses (R1 and R2) were triggered (Barkmeier et al., 2000; Deleyiannis et al., 1999; Ludlow et al., 1992; Yamashita et al., 1997) . These mechanisms result in the transmission of sensory feedback from the oropharynx and/or the fibers of the iSLN to the central pattern generator (CPG) at the brainstem, which in turn forms and organizes the rhythmic patterns of swallowing (Jean, 2001) . In the last decades, many studies focused on the evaluation of swallowing elicited by electrical stimulation in awake subjects (Hamdy et al., 1998; Takatsuji et al., 2012; Tsukano et al., 2012) , but a single work reported with no further details that electrical stimulation is definitely more effective in eliciting the swallowing reflex in waking than sleeping subjects (Yamamura et al., 2010) . The lack of studies in sleeping subjects prevents the assessment of the influence of the sleep stages on the occurrence of stimulation-elicited swallows. In contrast, various studies showed that SS tend to be less frequent in subjects sleeping than awake and that their occurrence is sleep-stage-dependent. In particular, it was determined that the swallowing became less frequent in both OSA patients and healthy adults, the deeper the sleep stage became (Sato and Nakashima, 2009; Sato et al., 2011) . The relevance of such evidence for electrical-stimulationinduced swallow remains unknown. However, since previous studies suggested that patients suffering from OSA may have abnormal swallowing (Levring Jaghagen et al., 2003; Teramoto et al., 1999; Valbuza et al., 2011) and that the swallowing process requires the activation of several upper airway muscles (Fregosi and Ludlow, 2014) , the possibility to induce swallow through electrical stimulation of the iSLN-innervated pharyngeal mucosa could have a positive clinical impact on OSA symptoms by restoring the upper airway muscles and thus the airway patency. In this regard, Jobin et al. showed in a clinical investigation including 15 OSA patients and 9 healthy controls that there are changes in pharyngeal swallowing responses and respiratory-swallowing interaction in OSA patients. For example, they found that in OSA patients, swallowing responses after administered oropharyngeal fluid infusions occurred slightly earlier in the expiratory phase than in healthy subjects, with the difference in percentage respiratory cycle duration values between groups achieving statistical significance for swallows that occurred during the same breath. They also reported that the more sever the degree of the upper airway sensory impairment in OSA patients, the less marked is the prolongation of the respiratory cycle after the J o u r n a l P r e -p r o o f swallowing response. Therefore, they concluded that these changes may have implications for the maintenance of the upper airway patency (Jobin et al., 2007) .
The present study focuses on the assessment of electrical stimulation of the pharyngeal mucosa as a reliable means to induce the swallowing reflex in OSA patients when they are awake and during sleep without causing them discomfort or pain. This study also evaluates the swallow pattern, the latency, the occurrence of swallowing during the hyperventilation and apnea phases, and the potential benefits of electrical-stimulation-induced swallow for OSA patients by reducing apnea and hypopnea events.
MATERIAL AND METHODS

Study characteristics
The current study can be described as a first-in-human and a proof-of-principle study. The approval of the study was obtained by the Ethics Committee of the Medical Faculty Mannheim (approval number: 2014-425M-MA). The study complied with the applicable good clinical practice (GCP) guidelines. In particular, signed informed consent was obtained from all subjects prior to the start of the experiments, which were conducted between January 2015 (first subject-in) and
April 2016 (last subject-out) in the Sleep Laboratory of the Medical Faculty Mannheim.
Study participants
Eight adult OSA patients with an apnea-hypopnea index (AHI) ≥ 30 and ages between 33 and 67 years were enrolled in the study. Subjects with: a) a BMI ≥ 35, b) undergoing pharmacological treatments with a potential effect on their OSA symptoms and/or history of comorbidities resulting in sleep alterations, and c) swallowing disorders were excluded from this study. More details concerning the characteristics of the study population are presented in Table 1 . 
Experimental setting
All subjects received a transnasally introduced esophageal catheter equipped with three pressure sensors and ten bipolar electrode rings (Unisensor AG, Attikon, Switzerland) under local anesthesia (Gelicain® Gleitgel, Actavis, Munich, Germany). The placement and description of the catheter are presented in Fig. 1 . The esophageal pressure sensors Eso. P1, Eso. P2, and Eso. P3
were positioned 14, 8, and 2 cm above the lower esophageal sphincter (LES) (Fig. 1A) . The upper four-electrode rings were placed within the pharynx and visually confirmed using an endoscope, while all ten rings were positioned above the upper esophageal sphincter (UES) (Fig. 1B) .
The catheter was connected to the external electrical stimulator Nicolet Viking Quest (Care-Fusion, Middleton, Wisconsin, USA). Electrical stimuli between 1 and 10 mA were applied with 0.2 ms biphasic constant current pulses at 30 Hz in 3-second bursts. Furthermore, the subjects were instrumented for standard polysomnography (PSG) to monitor and record EEG, EMG, airflow, esophageal pressure, and other physiological activities.
Experimental recordings
All signals contained in the PSG were recorded and monitored by the recording system Grael 4k (Compumedics, Victoria, Australia). Additionally, required esophageal pressure signals were amplified with ISOPRE (Standard Instruments GmbH, Karlsruhe, Germany), calibrated at 0 and 100 cmH2O, and fed into the recording system. The stimulating trigger signal was recorded in the 
Experimental protocol
The experiment was performed in the supine position on three consecutive PSG nights (control night, regular stimulation, and event-specific stimulation night) for each subject and foresaw the following sessions:
Session in subjects awake
This session was performed before the respective night session. Initially, the impedance of each contact pair was measured and test swallows were performed to verify the signal recordings. The swallow threshold was then estimated by starting the stimulation at 1 mA and incrementing the current intensity by 1 mA steps until the subject first swallowed. The current level was then decreased by 1 mA until no response could be observed. At this point, the level was increased again by 0.5 mA until the subject swallowed. The process was repeated until three reversal points were obtained. Subsequently, the current level was increased by 1 mA steps until the discomfort threshold was reached. Throughout the session, the subjects confirmed each swallow with a hand signal.
After the completion of the threshold procedure, the contact pair requiring the lowest stimulation intensity to evoke a swallow and the intensity level equal to 70% of the discomfort threshold were selected and used for the further course of the experiment. The stimulation with these parameters was delivered 10 times in calculate the percentage of the swallowing response rate.
The first night (control night (CN))
The subject slept wearing the catheter and the PSG instrumentation without being stimulated.
The second night (regular stimulation night (SN1))
The stimulation was conducted using the contact pair that showed the best results during the awake threshold procedure, starting with a stimulation intensity equal to the 30% of the respective discomfort threshold. Stimulation trains of 2 to 8 bursts were delivered 90 s after the detection of the last swallow or 60 s after the preceding train if no swallow was evoked. The stimulation started 5 min after the subject reached the sleep stage N2 at the time of first falling asleep or after arousal that made him awake for ≥ 5 min. If the arousal awoke the subject for < 5 min, the trains were delivered 2 min after reaching the sleep stage N2.
The initial current intensity was set to 1 mA and increased by 0.5 mA any time two consecutive trains did not evoke a swallow. If the sleep stage decreased, the stimulation intensity was adapted to become equal to 70% of the intensity that previously evoked the swallow in the same stage.
The third night (event-specific stimulation night (SN2))
The stimulation was applied in the form of a single burst or as a train of 2-8 bursts, initially randomly across the respiratory cycle and the apnea phase, then on the portion of either the respiratory cycle or the apnea phase that showed the highest occurrence of evoked swallowing at the various sleep stages. Apart from this difference, the protocol continued with the same steps as in SN1.
Data analysis
The PSG was manually scored in 30-second epochs by an experienced technician according to the standard AASM (American Academy of Sleep Medicine) manual criteria (Iber et al., 2007) .
Records were evaluated in ProFusion sleep software (ProFusion PSG3 Lite, Compumedics software). The typical swallow pattern was identified by three consecutive time-delayed contraction waves (Peso1, Peso2, and Peso3) starting from the closest to the farthest concerning the esophagus. In addition, the submental EMG signal (sEMG) was used in combination with the video sequence of the laryngeal movement to confirm the swallowing event that showed only two of the expected three contraction waves. An example of a typical swallow pattern is presented in Fig. 2 .
The swallow latency was defined as the time between the onset of Peso1 and the start of the preceding stimulation burst. Multiple swallows in response to a stimulation burst with a latency ≤ 10 s were considered in the analysis as a single response to the stimulation. Swallows that were detected with a latency > 10 s to the last stimulation burst were classified as SS events.
The swallow morphology (SM) was classified as follows: a) SM1 = swallow pattern consisting of all three contraction waves + preceding sEMG activity, b): SM2 = swallow pattern consisting of all three contraction waves without preceding sEMG activity, and c) SM3 = swallow pattern consisting of the contraction waves (Peso1 + Peso2) or (Peso1 + Peso3) + preceding sEMG activity. Swallows with less than three pattern characteristics were not included in the analysis. The results of the swallow morphology analysis formed the basis for the development of an algorithm for the automatic detection of swallows. The algorithm was used in this study to confirm the different manually identified swallow pattern.
To assess the stimulation efficiency and the potential benefits of stimulation-elicited swallows, the number of stimulation bursts, elicited swallow events, and SS events were stratified and determined in the analysis based on the sleep stage in which they occurred. Subsequently, the aver- Result values are expressed as means ± standard deviation (SD) unless otherwise stated. The significance level was set at p < 0.05. Because of the limited sample size tested in this study (4 included subjects), the preliminary statistical evaluation is merely descriptive and has no confirmatory value.
RESULTS
Participants and sleep variables
Four out of eight subjects completed the entire protocol of the night sessions, while one out of three sessions in the waking state could not be completed for two of them. The remaining four subjects were withdrawn from the study for the following reasons: a) the identified characteristics of the subject did not meet the selection criteria of the study (2 subjects), b) technical issues that led to early termination of a stimulation night session (1 subject), and c) the presence of the catheter increased swallowing rate so significantly that no comparison between swallowing rate in the absence and the presence of the stimulation could be possible (1 subject). The subjects who com-pleted the night sessions reported mild discomfort following catheter placement, but not concerning stimulations. They also rated the overnight instrumentation as "moderately burdensome".
All included subjects could enter each sleep stage. On average, subjects slept 324 ± 65.5 min during CN, 378.5 ± 39.5 min during SN1, and 291.1 ± 74.71 min during SN2. As depicted in Fig.   3 , the distribution of the sleep stage did not significantly vary between the sleep nights. The subjects spent over 90% of their sleep time in NREM sleep, especially in sleep stage N2 with 48% of the total sleep time. In response to the stimulation and stimulation-elicited swallows, the number of respiratory arousals per hour in SN1 and SN2 decreased significantly compared to CN, while the number of spontaneous and limb arousals did not increase significantly (Table 2 ). There was also no increase in the average duration of the different types of arousals, which remained between 8.4 s and 11.4 s on all three nights. The mean AHI score in both evaluated stimulation nights could not be significantly reduced in response to stimulation-elicited swallows compared to control nights (Fig. 4) . According to the Friedman test, the number of respiratory arousals per hour in SN1 was significantly lower than in CN and higher than in SN2 (* p < 0.05), while in SN2 significantly lower number was found than in CN and SN1 ( † p < 0.05). There were no further significant differences between the nights (p > 0.05). The values are presented as means ± SD. Definition of abbreviations: CN = control night; SN1 = regular stimulation night; SN2 = event-specific stimulation night
Stimulation-elicited swallow in subjects awake
The average intensity required to elicit a swallow in subjects awake was 2.56 ± 2.11 mA with a reproducibility of 80.0% of the cases. The stimulating contact pairs E5-E6 and E7-E8, which were positioned in the middle region of the pharynx (3 and 5 cm above the UES), were in this session more effective in triggering the swallowing reflex than the other pairs (E1-E2, E3-E4, and E9-E10) and were together used in 78.0% of the cases.
Stimulation-elicited swallow in sleeping subjects
On both stimulation nights, a total of 1412 stimulation bursts were delivered (854 in SN1 and 558 in SN2), producing 528 swallowing reflexes (357 in SN1 and 171 in SN2). Thus, the stimulation was effective in triggering the swallowing reflex in 37.4% of the cases (41.8% in SN1 and 30.6% in SN2). The distribution of both the swallowing response rates and the required stimulation intensities within the sleep stages is presented for both stimulation nights in Fig. 5 . A comparison between the sleep stages within each stimulation night and between the stages of both nights showed a significantly reduced stimulation efficiency only in the stage N3 of SN1 compared to the stage N1 of the same night, while no further significant effects of sleep stages could be found (Fig. 5A ). The highest response rate in both stimulation nights was achieved on average in the stages N1 and REM sleep with 54.5 ± 29.2% and 42.8 ± 24.2%.
The average stimulation intensity of 2.94 ± 1.54 mA (3.13 ± 1.18 mA in SN1 and 2.77 ± 1.80 mA in SN2) was required to elicit a swallow without being significantly affected by sleep stages.
On both stimulation nights, slightly higher intensities were required to trigger a swallow in the stage N3 than in the stages N1, N2, and REM sleep (Fig. 5B ). The mean swallow latency ranged on both stimulation nights between 2.41 s and 5.76 s, averaging 3.69 ± 0.70 s. There was no significant difference in the mean swallow latency between sleep stages.
Spontaneous swallow (SS) in sleeping subjects
In total, 506 spontaneous swallows in all sleep stages and epochs scored as "Wake" identified (176 in CN, 181 in SN1, and 149 in SN2). Thus, the SS frequency per hour of sleep was 6.70 events/h (7.80 events/h in CN, 6.54 events/h in SN1, and 5.88 events/h in SN2). In general, the occurrence of SS events varied among subjects and was predominantly accompanied by arousals. Fig. 6 shows the average of SS events per hour of sleep for each sleep stage. There was no significant effect of sleep stages on the occurrence of SS events within each night, while a comparison between the stages of the different nights showed a significantly lower occurrence of SS events during the stage N2 of SN2 than the stage N2 of CN and SN1.
Evaluation of morphology and occurrence of swallows
Stimulation-elicited and spontaneous swallows had similar pattern characteristics. Both showed regardless of sleep stage and presence or absence of electrical stimulation a typical SM1 pattern in 64%, an SM2 pattern in 16%, and an SM3 pattern in 20% of the cases. The SM1 and SM2 patterns with 4/4 and 3/4 swallowing characteristics were easily recognized, while the SM3 pattern with a lack of Peso2 or Peso3 required a video recording of the laryngeal movement for confirmation.
The identified stimulation and swallowing events were distributed to the hyperventilation and apnea phases as follows: 43% of stimulation bursts, 68% of stimulation-elicited swallows, and 79% of spontaneous swallows were within the hyperventilation phases, while 57% of stimulation bursts, 32% of stimulation-elicited swallows, and 21% of spontaneous swallows were within the apnea phases. A majority of 42% and 58% of the stimulations were delivered within the first 20% of the hyperventilation and apnea phases, while the remaining stimulations were similarly distributed to the remaining 80% of both phases. Stimulation-elicited and spontaneous swallows occurred mainly in the first two-thirds of the hyperventilation phase (83% and 78%) and slightly more at the beginning and end of the apnea phase.
DISCUSSION
Modality and electrical stimulation efficiency
This work describes one of the first attempts to induce swallowing by electrical stimulation of the iSLN-innervated pharyngeal mucosa. Our results showed that the method is safe and does not cause major discomfort to the subjects. In this regard, previous studies also reported that the participants tolerated the catheter and the applied stimulations with minor uncomfortable feelings (Jayasekeran et al., 2010; Suntrup-Krueger et al., 2016; Tsukano et al., 2012) .
Throughout the experimental sessions, electrical stimuli at 30 Hz were able to elicit swallowing reflexes in each subject and sleep stage. An initial result showed that stimulation was most effective in inducing swallowing reflexes when it was applied 3-5 cm above the UES, suggesting that this portion is innervated by the section of the iSLN responsible for triggering the reflex. We also found that the swallowing reflex can be induced in awake or asleep OSA patient with low stimulation intensities between 2 and 5 mA and that the reproducibility of the reflex is much higher in the waking state (80.0%) than during sleep (37.4%). One reason for this outcome is probably the fact that the frequency of swallowing during sleep is low and continuously decreases in deeper sleep stages. This fact was demonstrated in studies with healthy adults (Sato et al., 2011) and
OSA patients (Sato and Nakashima, 2009) . We observed similar effects of sleep on the occurrence of both SS and stimulation-elicited swallows, especially in the stage N3, where both swallows were rarest and stimulation-elicited swallows required slightly higher intensities. However, as our results did not show further significant effects of sleep stages on stimulation efficiency and the intensity used, this indicates that other sleep factors influence the reproducibility of the swallowing reflex. One of these factors could be the increased threshold of the swallowing reflex during sleep (Yamamura et al., 2010) , while another could be explained by the fact that the OSA patients in our study hardly showed stimulation-elicited swallows during the apnea phases. Further studies in healthy subjects and OSA patients should be conducted to examine both factors.
Regarding the stimulation protocol, regularly applied stimulation during SN1 required in all sleep stages slightly higher intensity to trigger a swallow than event-specific stimulation during SN2. Stimulations in SN1, however, were able to trigger 11% more swallows than SN2. This result was expected since regular stimulations in the first night could cover more hyperventilation phases, in which swallows were easily triggered than apnea phases, while during SN2 more apnea phases were stimulated than SN1, with the intention to trigger more swallows in these phases.
The swallow latency in our study averaged 3.69 ± 0.70 s and was not significantly affected by the different sleep stages. To our knowledge, no study has examined the latency of electrically elicited swallows in OSA patients during sleep. However, some studies examined the latency of electrically elicited swallowing in awake healthy volunteers based on the time between the onset of the stimulus and the onset of the swallowing EMG activity (Hamdy et al., 1998; Otake et al., 2016; Takatsuji et al., 2012 ). Since we have examined the latency between the onset of the stimulus and the onset of the first swallow contraction wave, these studies cannot be compared with our study in this regard. Jobin et al. injected OSA patients and healthy volunteers with 0.05 to 0.25 ml of water to trigger the swallowing reflex (Jobin et al., 2007) . They found a longer latency in OSA patients the smaller the bolus volume was and showed a mean of 3.3 ± 0.7 s ranging between 2 and 5 s for the different bolus volumes. These findings are very similar to our results (mean latency: 3.69 ± 0.70 s; latency range: 2.41-5.76 s), suggesting that delivered electrical stimulation onto the pharyngeal mucosa causes the swallowing reflex just as fast as a small oropharyngeal fluid bolus.
Influence of stimulation-elicited swallows on the sleep variables
Although 528 stimulation-elicited swallows were induced on both stimulation nights in addition to 331 spontaneous swallows, the AHI score did not remarkably decrease compared to the control nights. This outcome is likely due to the low reproducibility of the swallowing reflex during sleep. Another important reason could be the lack of swallowing responses to the stimuli during the apnea phases, which in turn could be caused by a blocked transmission of sensory feedback from the fibers of the iSLN to the swallowing CPG at the brainstem. There may be other unknown reasons for this behavior, which should be clarified in future studies. The AHI scores shown in Fig. 4 were lower on both stimulation nights than in the control nights, except for the AHI score during the REM sleep of SN1, which was higher than the score during the REM sleep of CN. One subject who had a much higher AHI score than the other subjects at this specific stage influenced this result. A surprising finding of the study is the fact that the other sleep variables, such as the duration of arousals, the number of spontaneous and limb arousals, and the distribution of sleep stages, did not remarkably change between the CN and both stimulation nights, although in total 27 stimulation bursts were delivered per hour of sleep. Furthermore, the number of respiratory arousals per hour was even significantly lower in SN1 and SN2 than in CN. This finding indicates that the different stimulation intensities and their repetition rate do not have negative effects on the patient's normal sleep.
Frequency of spontaneous swallow (SS)
Spontaneous swallow is known to occur without awareness during wakefulness and sleep. In the current study, OSA patients showed an average of 6.70 SS per hour. The occurrence of SS J o u r n a l P r e -p r o o f events varied among the subjects and was slightly affected by the sleep stages. Two previous studies evaluated the frequency of swallowing without the use of the esophageal catheter. One of them reported a mean SS number of 8.4/h in patients with severe OSA, which was significantly higher compared to 3.1/h in patients with mild OSA (Yagi et al., 2015) , while the other one reported a mean SS number of 5.4 ± 3.1/h in patients with severe OSA (Sato and Nakashima, 2009 ). In contrast, it was observed that healthy volunteers swallow at a frequency of 2.4 ± 1.0/h (Sato et al., 2011) . Both values found in patients with severe OSA are very close to the found one in our study (6.70 events/h), indicating that the catheter used in our study does not increase the SS frequency. The studies discussed also show that patients with severe OSA swallow more frequently than healthy volunteers and Patients with mild OSA. This finding may be related to the increased incidence of respiratory event-related arousals in patients with severe OSA (Sato and Nakashima, 2009; Yagi et al., 2015) , which were also observed in the present study.
With respect to the impact of the sleep stage on the occurrence of SS, two previous studies showed a decreasing SS frequency in OSA patients (Sato and Nakashima, 2009 ) and in healthy younger adults (Sato et al., 2011) , the deeper the sleep stage was. In our study, however, the SS frequency tends to be lower on all three nights in the stage N3 compared to the other sleep stages, whereas it only decreases significantly in the stage N2 of SN2 compared to the same stage of SN1 and CN.
Morphology and occurrence of swallows
The morphology of the stimulation-elicited swallow did not vary from the typical morphology of SS, suggesting that the mechanism behind their triggering is similar to the physiological one.
All identified swallows predominantly showed an SM1 pattern followed by the patterns SM3 and SM2. The absence of EMG activity in the SM2 pattern was probably caused by a bad electrode connection resulting from movements of the subject during sleep. In contrast, the lack of Peso2 or Peso3 in the SM3 pattern was in many cases caused by increased swallowing frequency resulting in the inhibition of swallow contraction waves, which were characterized by significantly reduced amplitudes. This effect has been well described in several previous studies that mentioned a significantly increased inhibition of swallow contraction waves at elevated swallowing frequencies, including multiple swallows (Ask and Tibbling, 1980; Meyer et al., 1981; Shaker et al., 2013; Vanek and Diamant, 1987) .
Both spontaneous and stimulation-elicited swallows occur in a similar amount mainly in the hyperventilation phase (73%), rather than in the apnea phase (27%), although with respect to the elicited swallows more stimulation bursts were delivered within the apnea phases. In particular, the majority of all swallowing events occur within the first two-thirds of the hyperventilation phase and at the beginning and end of the apnea phase. These findings may indicate that, independently from the time of stimulation, electrically evoked swallows as well as spontaneous swallows tend to occur in these specific portions of the phases, but with a greater majority and stimulation efficiency in the hyperventilation phases.
Limitations of the study
The major limitation of the current study was the limited sample size due to recruitment problems and complexity. The introduced catheter led to a significant increase in swallowing behavior by touching the pharyngeal wall in 1/8 subjects and was the main reason for its exclusion from the study.
Another limitation is the way the stimulation was applied. In our experimental setting, stimulations were delivered onto the pharyngeal mucosa innervated by the iSLN rather than directly on the iSLN itself. This method may explain the limited reproducibility of the swallowing reflex in sleeping subjects and the lack of clinical benefits in terms of improved AHI. In a few cases, some subjects became completely awake due to stimulation and did not fall asleep as quickly.
J o u r n a l P r e -p r o o f
Our first results showed that electrical stimulation of the pharyngeal mucosa innervated by the iSLN is reproducibly able to trigger the swallowing reflex in awake OSA patients, although this efficiency decreases strongly during sleep, especially in the stage N3, and shows no remarkable clinical benefits in terms of AHI improvement. Furthermore, the swallowing reflex can be more easily triggered during the hyperventilation phase than the apnea phase without changing the subject's normal sleep architecture. Future studies in greater subject cohorts should be considered to confirm these preliminary results.
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